Background Diagnostic stress testing of ulnar collateral ligament (UCL) injuries of the thumb metacarpophalangeal (MCP) joint is pivotal to determining treatment. Comparison to the uninjured extremity and fluoroscopy-assisted examination are readily available modalities in the assessment of these patients, with 5-10°differences impacting treatment. Comparative examination, however, assumes that both extremities are normally equal, which has never been verified experimentally. Comparison of clinical and fluoroscopic examination has also never been scrutinized. Methods One hundred asymptomatic participants underwent both fluoroscopic and traditional stress examinations to determine maximum passive radial deviation at neutral MCP flexion. Results Absolute clinical vs. fluoroscopic differences demonstrated a significant difference of 5.6°(SD 5.1°). Absolute variability between left-to-right measurements was 4.5°(SD 4.1°) and increased significantly as baseline stress deviation increased (R = 0.43; p < 0.001). Left-to-right difference exhibited no correlation to age, gender, or BMI. Conclusions The current investigation demonstrates rightleft differences and differences between clinical and fluoroscopic testing of which practitioners should be aware when making treatment decisions for UCL injury of the thumb MCP joint.
Introduction
Ulnar collateral ligament (UCL) injury of the thumb metacarpophalangeal (MCP) joint is a relatively common injury precipitated by acute trauma or repetitive MCP abduction. Joint laxity resulting from a significant UCL tear may contribute to hand weakness, radial deviation of the proximal phalanx, and range-of-motion instability [10] . Failure to diagnose and treat this injury can lead to chronic, painful instability, long-term weakness of pinch and grip strength, and premature, progressive arthritis of the joint [4, 10] .
Injuries of the thumb UCL can be classified into three general categories: grade I, which consists of an incomplete tear without joint laxity; grade II, which comprises larger, but still incomplete tears with asymmetrical laxity in the joint; and grade III, in which ligamentous disruption is complete [8, 9] . Ulnar MCP joint instability is evaluated by securing the metacarpal and applying radial force to the proximal phalanx of the thumb until a firm endpoint is reached; the resultant metacarpal-phalanx angle at the MCP joint may then be measured with a goniometer. Previous studies indicate that complete UCL rupture correlates to an absolute radial stress angulation of greater than 35°and that differences in excess of 15°vs. the contralateral (uninjured) thumb suggest UCL tearing and that differences of as little as 10°can indicate instability that may require treatment [1, 5, 7] . Accurate determination of metacarpalphalanx angulation under stress is thus an important element of proper diagnosis and subsequent treatment of UCL rupture. Furthermore, since goniometric testing relies partly on differentiating angular differences between the injured and uninjured MCP, it is important to establish the variability of contralateral MCP stress angulations in asymptomatic patients.
Though large variations in intersubject stress deviation have been documented within the asymptomatic population, left-to-right variations in the UCL ligament at the MCP of individual patients have yet to be established [3] . In addition, most practitioners evaluate stress deviations via traditional clinical testing. Such manual assessment can be a source of error as patient discomfort or pain during the evaluation often necessitates rapid measurement. Furthermore, clinicians may find it difficult to determine axis points by visual examination, especially during simultaneous manipulation of the MCP joint and goniometric angle measurement, which can be problematic without assistance. Employing fluoroscopy obviates these potential sources of error by eliminating the necessity of making angular measurements while applying stress to the joint and providing clear views of bony landmarks. This, in turn, allows a single evaluator to easily identify the center of rotation at the MCP joint and more accurately measure angular displacement.
To best employ the potential of fluoroscopy for more accurate goniometric measurement, it is first necessary to establish the baseline variability obtained with this specific technique, both between and within asymptomatic individuals. It is also essential to characterize to what degree fluoroscopic measurement improves the clinician's ability to ascertain damage to the thumb UCL. This study analyzes three guidelines for using fluoroscopy as a diagnostic tool for UCL injury. First, it establishes a normal range of radial stress angulation at the thumb MCP joint using fluoroscopy. Second, it quantifies the differences between fluoroscopic and clinical techniques in radial stress angulation measurement. Finally, it compares the range of left-to-right variability during radial stress examination for both fluoroscopic and clinical modalities.
Materials and Methods

Data Collection
This Institutional Review Board-approved study included 100 asymptomatic volunteers (200 thumbs). Participants who had no previous history of thumb injury or pathology completed a basic survey to gather information on gender, age, weight and height, and hand dominance. There were 53 females and 47 males with a mean age of 45.7 years (SD 15.1, range = 19-86) and a mean BMI of 26.7 kg/m 2 (SD 5.1, range = 18.8-45.5). There were 90 right-hand-dominant and 10 lefthand-dominant volunteers. Each subject was evaluated with stress examinations of the ulnar collateral ligament at the MCP joint of both hands-first via standard clinical testing and again under an Insight fluoroscope (Fluoroscan; Fig. 1a, b ). Measurements were obtained with the thumb in full extension. Both clinical and fluoroscopic measurements were made by simultaneous consensus of two examiners. To minimize radiation exposure, lead aprons and ProGuard Radiation Reducing Gloves (Alimed, Dedham, MA, USA) were used during data collection.
Data Analysis
Angular deviation in fluoroscopic images was analyzed with measurement software (Surgimap; Nemaris, New York, USA). Absolute differences between clinical and fluoroscopic measurements were used. We also calculated the absolute differences for passive radial stress deviation between left and right thumbs (n = 100 subjects) for both standard clinical and fluoroscopic techniques. Differences between stress examination techniques and left-right angular variation were analyzed by Student's t test. Correlations between stress examination techniques and between angular deviation measurements, age, and BMI were analyzed by Pearson's correlation. 
Results
Clinical vs. Fluoroscopic Stress Examination Techniques
Left and right thumbs from 100 subjects were analyzed to determine the mean, standard deviation, and range for passive radial angulation ( Table 1 ). The absolute differences demonstrated a mean variation of 5.6°(SD 5.1°, range 0-26°). Angulation ranged from 5°to 31°for standard clinical measurements and from 1°to 48°for fluoroscopic measurements ( Fig. 1c ). There was no difference between clinical and fluoroscopic measurement with the thumb in neutral when analyzed by t test (p = 0.17) and Pearson's correlation yielded an R value of 0.25 (p = 0.001).
Fluoroscopic Left-to-Right Difference
The absolute difference between right and left passive radial deviation measurements was 4.5°(SD 4.1°, range 0-18°; Table 2 , Fig. 2 ). For fluoroscopic measurements, unpaired t tests did not demonstrate a significant difference between left and right angular deviation measurements (p = 0.69). Pearson correlation between left and right angular deviations yielded R = 0.59 (p < 0.001). The degree of correlation subsided as baseline lateral deviation increased at neutral (R = 0.43, p < 0.001). Correlations between left-to-right variability and age, gender, BMI, dominant hand, and MCP flexion angle were not significant (p > 0.05).
Left-to-Right Differences with Clinical Examination
Absolute differences had a mean of 3.6°(SD 3.1°, range 0-11°; Table 2 ). There were no subjects who exhibited a greater than 15°left-right differential by clinical measurement ( Fig. 3 ). Unpaired t tests showed no significant difference between left-to-right measurements at neutral flexion (p = 0.29). Pearson correlation tests for left-toright angular deviation at neutral flexion produced an R value of 0.64 (p < 0.001).
Discussion
Most practitioners use traditional physical examinations to evaluate and inform treatment of ulnar collateral ligament injuries. Visual examinations, even when combined with clinical goniometry techniques, have inherent flaws that may provide inaccurate measurements. This may at least partially account for the large variations in normative data seen in the literature. One study used clinical goniometric stress examination on 1,000 thumbs at 15°of MCP flexion and reported a mean angulation of 10°(range 0-20°) [3] . Another study reported means of 6°angulation at neutral flexion and 12°at 15°flexion in a clinical examination of 750 thumbs [7] . Other work examining patients with UCL injuries via clinical goniometry and making comparisons with the contralateral (uninjured) thumb revealed a mean 16.2°(SD 8.9°) at neutral [4] . The current investigation demonstrated a mean angulation of 14.9°(SD 5.5°) at neutral flexion by clinical testing. These results are most consistent with the results obtained by Heyman et al.; however, there is still a lack of consensus in the literature and significant potential for inter-examiner variability when using the classical clinical technique [5] .
Several key shortcomings of clinical examination that may contribute to decreased accuracy were noted during this investigation. In the clinic, angular assessment with a goniometer relies on using surface anatomy to approximate the location and direction of the metacarpal and proximal phalanx; this complicates the determination of the rotation axis. It was also difficult for a single examiner to simultaneously apply radial stress and employ the goniometer. Holding the thumb in the appropriate level of MCP flexion to obtain comparative measurement further complicated this process.
Assessing the thumb MCP under stress at 30°flexion vs. neutral is still a matter of debate. Proponents for testing in flexion believe that stressing the joint isolates the collateral ligament, which is taut in flexion (unlike the accessory ligament, which tightens in extension). However, Posner did not observe any cases of MCP instability where the joints were grossly unstable in flexion and stable in neutral.
He thus recommended stress testing in neutral to minimize the risk of an unseasoned examiner improperly diagnosing a grade I or II injury as grade III [9] . To limit the aforementioned variability in our study, radial stress angulations were measured with the MCP joint at neutral flexion. The combination of these limitations may compromise the sensitivity of the clinical technique. Fluoroscopy allows clear imaging of the metacarpal, proximal phalanx, and axis of rotation and permits the examiner to freely manipulate the MCP joint. To date, there are no data in the literature regarding the normal range of fluoroscopic radial stress angulation in the MCP joint. Our results demonstrate that mean fluoroscopic stress angulation is consistent with both our clinical examination and as previously reported [5] . However, we observed a much greater range of angulation with fluoroscopic assessment. In addition, the distribution of angulation generated for the asymptomatic population using fluoroscopy produced a distribution curve more closely resembling a normal distribution than that derived from clinical measurements. The normal distribution of the fluoroscopic data reflects the variability seen in the asymptomatic population; outliers in the distribution illustrate that asymptomatic patients may have a stress angulations greater than 30°and left-right differences greater than 15°. However, it is worth noting that asymptomatic patients may not necessarily be uninjured. Partial but painless tears in the UCL or acquired ligamentous laxity may potentially result in extreme leftto-right differences in angulation. In such cases, further tests, such as direct imaging of the UCL to assess damage, may be indicated.
When comparing fluoroscopy to standard clinical techniques, the measurements differed by an absolute mean of 5.5°. While this may not be a large difference, it may nonetheless prove significant for patients whose injury assessment falls on the border between grade II (partial thickness tears that can be treated nonsurgically) and grade III (full-thickness tears which require surgery) [9] . Additionally, the correlation coefficient of R = 0.30, though statistically significant, demonstrates a weak association between the two modalities with a reduced correlation further from the mean. So while the means between the two techniques were fairly similar, there is extensive variability between the two techniques.
Other modalities for assessing UCL injuries, including ultrasound and MRI, have been explored in previous studies. Both these imaging methods provide excellent resolution of ligaments for devising treatment strategies, particularly when complete disruption of the ligament necessitates surgical repair [6, 11] . However, these modes were examined as ways to directly visualize ligamentous trauma rather than as methods to augment clinical assessments; they may thus not be practical for initial screening. This is particularly true of MRI, which despite its utility, is implemented at considerable expense [6] .
Left-to-Right Intrasubject Stress Examination Variability
Using mini-fluoroscopy, left-to-right comparisons yielded a mean absolute difference of 4.5°(SD 4.1°, range 0-18°) at neutral. Current surgical indications for UCL repair include a greater than 30°absolute stress angulation [3, 7, 9] or greater than 15°angulation vs. the contralateral side [1, 5] . Under fluoroscopic examination, our study found 1.5 % of subjects with joint laxity greater than 30°in neutral flexion Fig. 3 Absolute left-right variability on goniometric stress examination and 3 % with left-to-right angular differentials greater than 15°. There did not seem to be any relationship between the side with greatest joint laxity and subject hand dominance, although this may be due to the observed numbers being very small. These subjects represent presumably normal variants with large baseline angulations in the absence of clinical signs or symptoms of UCL injury. Additionally, the left-to-right correlation was found to decrease with increasing baseline stress angulation. Since treatment decisions are often based on 10°differences between left and right, the examiner must be aware of potential left-to-right variability in the asymptomatic population, especially when the uninjured extremity has a large angulation.
Assessing UCL injury through comparison to the contralateral side is a useful tool for the treating physician, although clinical signs and symptoms must be carefully considered and incorporated into the evaluation of a patient with large baseline angular deviations. In these patients, left-right comparisons may be misleading and other imaging modalities may be needed to confirm a UCL tear. It is also important to consider that there is a qualitative aspect to this type of clinical testing: specifically, the determination of a "firm endpoint" under radial stress by the evaluator. In order to make comparisons based on differences in lateralcontralateral stress angulations, evaluators must acknowledge their own discretion in these decisions and be aware of any variability in their methods.
Though fluoroscopy results in lower radiation exposure than standard X-rays and radiation-reducing gloves can attenuate exposure by 60-64 %, the amount of exposure to both patient and surgeon must be considered [2] . We recommend the use of fluoroscopy in lieu of conventional radiographs both for the ease with which joint malrotation can be corrected during imaging and to further reduce radiation exposure risks.
We endeavored to quantify the differences in standard clinical and fluoroscopic goniometric techniques and establish the range of left-to-right intrasubject variability during radial stress testing of the thumb MCP joint in an uninjured population. Clinical goniometry measurements demonstrated a weak correlation to fluoroscopic measurements, which suggests inherent measurement errors in the absence of fluoroscopic visualization. If a UCL tear is suspected, clinical stress testing may provide a practical screening test, which, if positive, can be verified through fluoroscopic stress examination to obtain more accurate angular measurement. In addition, treatment decisions based on left-to-right variability should be made with care, especially in patients with large baseline angular deviations.
